Abstract ECE imaging (electron cyclotron emission imaging) is an important diagnostic which can give 2D imaging of temperature fluctuation in the core of tokamak. A method based on ECE imaging is introduced which can give the information of the position of magnetic axis and the structure of internal magnetic surface for EAST tokamak. The EFIT equilibrium reconstruction is not reliable due to the absence of important core diagnostic at the initial phase for EAST, so the information given by ECE imaging could help to improve the accuracy of EFIT equilibrium reconstruction.
Introduction
The information of last closed flux surface can be measured by edge magnetic probes, and the magnetic equilibrium configuration can be achieved by equilibrium reconstruction codes in tokamak experiments. EFIT reconstruction code [1∼3] based solely on the edge magnetic probes, is automatically executed after each discharge on EAST tokamak currently. As a consequence, the configuration of internal magnetic structure is not reliable for a variety of plasma scenarios.
The accuracy of the magnetic equilibrium must incorporate internal diagnostic information to increase the accuracy of the EFIT equilibrium reconstruction.
ECEI (electron cyclotron emission imaging)
[4∼6] is powerful internal diagnostic that has been equipped on EAST tokamak currently [7] , which has demonstrated excellent spatial resolution and highly time resolution, two-dimensional measurement capability and has proven to be an extremely useful tool for the study temperature fluctuation [8∼13] .
A method based on ECEI diagnostic (MHD oscillations) has been developed [14] . The relative temperature fluctuationT (m,n) e for MHD modes (m, n) can be extracted by Fourier (Wavelet) transformation, and the spatial distribution ofT (m,n) e (R, Z) can give the position of magnetic axis and internal structure of magnetic surface on EAST tokamak, where R, Z are the radial and poloidal positions respectively. The information of internal magnetic configuration achieved by the method can greatly improve the accuracy of EFIT equilibrium reconstruction.
In section 2, the ECEI instrument is briefly introduced and a method served for ECE imaging is introduced. In section 3, the method described in section 2 is applied on EAST tokamak, and it has demonstrated that the position of magnetic axis and the structure of internal magnetic surface is achieved from ECE imaging. In section 4, a brief conclusion is given.
2 ECEI setup and reconstruction method
ECEI system
The ECE imaging is two dimension integrated ECE diagnostic and the schematic diagram is shown in Fig. 1 . The intensity of ECE emission is proportional to the local electron temperature T e , T e ∼ I(ω)/ω 2 (ω ∼ 1/R), where the ω and I(ω) are respectively the radian frequency and the intensity of ECE emission, and R is the major radius. The ECEI shown in Fig. 1 can be divided into three sections: (1) optical lenses system [7, 15, 16] , (2) receiver antenna array and mixing system
[17∼19] , (3) intermediate frequency signals down-conversion system [6, 18, 19] . The first section was introduced in detail in Ref. [7] on EAST tokamak. There are p channels of antennas array AP 1 ,..., AP p with integrated Schottky diodes in the second sections, and q distinct LO 1 ,..., LO q frequen-cies corresponding to different radial position of R 1 ,..., R q in the third section. There are total p × q sampling volumes arranged in a 2D matrix, where p and q are the channels along the poloidal and radial direction, respectively. The ECE imaging with p = 16, q = 8, f LO =97.3 GHz, and the spatial resolution and coverage are ∼ 1.3 cm(Z)×1 cm(R), ∼ 20 cm(Z)×6 cm(R), respectively. 
Reconstruction method
The relative temperature fluctuation can be decomposed intoT e ( r, t) = δT e / T e = m,nT
( r)e i(mθ−nφ) using Fourier (wavelet) transformation, where δT e ( r, t) = T e ( r, t) − T e ( r, t) , the · · · indicates the time average over several cycle of m = 1 oscillation, and m, n being the poloidal and toroidal mode numbers respectively. The hot spot deviates from the center of the plasma column when the MHD instabilities burst, and the spatial distributioñ T (m,n) e (R, Z) of one MHD mode (m, n) has strong relation with magnetic axis and internal magnetic surface, where r = R − R 0 .
A typical sawtooth oscillation is selected to illustrate this method as follows. The sawtooth oscillation of ECEI sequences is shown in Fig. 2 . The time series of δT e / T e for the blue line and dark green line are corresponding to the points (R, Z)=(179 cm, −0.5 cm) and (R, Z) =(185 cm, −7 cm) respectively that mark on the image shown in bottom. The positive and negative fluctuation means hot spot and cold island are adopt the description that used in Refs. [8, 9] . From the blue line of time series δT e / T e , the crest of time series 1, 3 and the wave trough of time series 2, 4 are corresponding to the ECEI frame 1, 3 and ECEI frame 2, 4 respectively. The hot spot (ECEI frame 1, 3) and cold island (ECEI frame 2, 4) are rotated together before sawtooth fully crash (ECEI frame 5) in the poloidal and toroidal direction. The center of hot spot and cold island rotation is considered as the position of magnetic axis.
The amplitude of relative temperature fluctuation ofT
is achieved by Fourier (Wavelet) transformation, and the spatial distribution ofT means the trace of hot spot or cold island that rotates along poloidal (toroidal) following the direction of magnetic line of force (f ∼ f (Ψ)). So the structure of internal magnetic surface adjoin to the magnetic axis is circular (namely κ M ≈ 1, where κ M is the elongation of internal magnetic surface adjoin to magnetic axis). The cross power spectrum density and cross phase along the radial and poloidal direction is shown in the right of Fig. 3 , where the reference position and correlation direction for the radial and poloidal are marks on the images shown in the middle of the figure. The cross phase at both ends of magnetic axis along radial or poloidal is inverted owing to the precursor oscillation rotated counterclockwise in the poloidal cross-section, and the cross power spectrum density will reach its extremum value across the position of magnetic axis. So the position of magnetic axis is (R m , Z m ) ≈(182.9 cm, 6.3 cm), where R m and Z m are the radial and poloidal position of magnetic axis. The result is consistent with the result achieved by the signals of soft-X ray as shown in the left of Fig. 3 .
A comparison between the reconstruction EFIT code, the measurement of ECE imaging, soft X-ray and edge magnetic probes (EMP) is shown in Table 1 . The poloidal position of magnetic axis Z m for EFIT reconstruction is more reliable, while the radial position of magnetic axis R m reconstructed by EFIT is false (the primary reason: absence of stable internal profile parameters applicable for the EFIT reconstruction). It's reasonable that the measurement R m of ECE imaging is larger than the measurement R s of edge magnetic probes, where the R s and Z s are the radial and poloidal central position of last closed flux surface respectively. The ECE imaging can direct give the information of internal magnetic configuration according to the spatial distribution of relative temperature fluctuationT e ( r), whose results couldn't be achieved directly by others diagnostic such as ECE (need the supposition of rigid-body rotation for 2D reconstruction) or soft Xray (need the supposition of rigid-body rotation for 2D reconstruction).
There are two typical examples to illustrate the application of the ECE imaging as given in the following section.
Experimental results
The experiments were performed on EAST tokamak, and the measurements reported herein took place in purely Ohmic or ICRF discharge with typical parameters: the toroidal magnetic field B 0 ≈ 1.80 T at the major radius of R = 1.85 m, plasma current I p = 250∼600 kA, central line-averaged electron densitȳ n e0 = (1.4 ∼ 2.0) × 10 19 m −3 , center electron temperature T e ≈ 0.8 ∼ 1.5 keV, and the discharge plateau of elongation of last closed flux surface is κ = 1 ∼ 1.8. There are several applications based on the method introduced in section 2.
Position of magnetic axis
The plasma column can be controlled upward or downward by "Control Coils". There are three shots of 17488, 17489 and 17491 with different magnetic configuration Z s achieved. The three shots is purely Ohmic discharge and the parameters are shown in the left of Fig. 4 , where R s and Z s in the figure are respectively the radial and poloidal position of the center of last closed flux surface. The plasma column move upward with Z s > 0 and downward with Z s < 0 during the plateau of one shot. According to the different Z s for one shot, two stage of I and II with different time interval t = 2100 ∼ 2500 ms and t = 4000 ∼ 4400 ms is divided.
The spatial distribution ofT Table 2 . The results display that the measurement of ECE imaging is reliable compared with the soft X-ray or EFIT reconstruction (the information of Z m reconstructed by EFIT code is reliable), and ECE imaging is a powerful diagnostic that could give accurate position of the magnetic axis. 
Structure of internal magnetic surface
The structure of internal magnetic surface may diverse when the structure of last closed flux surface is the same. Two shots of 16681 and 16167 with typical ohmic discharge is selected and the parameters are shown in Table 3 . The elongation of last closed flux surface κ is nearly the same for the two shots, while the parameters of q 0 (q 0 < 1 for shot 16681 and q 0 > 1 for shot 16167) and β (β ∼ n e · T e ) are different. The spatial distribution ofT (m,n) e (R, Z) for two shots 16681 and 16167 is shown in the ECEI frame of Fig. 5 , the positions of magnetic axis measured by ECE imaging for the two shots are (R m , Z m ) ≈ (184.8 cm, 1.6 cm) and (R m , Z m ) ≈ (183 cm, 0 cm) respectively. It's noticeable that the structure of internal magnetic surface for two shots are quite different: shot 16681 is circular (κ M ≈ 1) while shot 16167 is elliptical (κ M > 1, κ ≈ 1.3), while the EFIT reconstruction couldn't give this internal information.
The structure of internal magnetic surface has strong relation with the elongation of last closed flux surface κ, and a typical example is shown in Fig. 6 . The injection power of ICRF for shot 34885 is P ICRF ∼ 1.4 MW, and the sawtooth accompanied with m/n = 1/1 'Mid-Cursor' oscillation is observed in the core of tokamak plasmas (the 'Mid-Curosr' oscillation means there exists typical m/n = 1/1 mode in the middle phase of sawtooth period [20] ). The spatial distributionT It's noticeable that the radial position of magnetic axis measured by ECE imaging is smaller than the radial center of last closed flux surface R s measured by edge magnetic probes. A reasonable explanation for this phenomenon is the deposit position of ICRF power, and the measurement result of ECE imaging can also give the information of ICRF heating.
Another important application for ECE imaging is that it can give the internal structure of magnetic surface. are shown during ICRF heating. The structure of internal magnetic surface is elliptical when q0 < 1 with κ = 1.7, and the whole plasma magnetic surface is reconstructed by EFIT code with edge magnetic probes solely (color online)
Conclusion
ECE imaging is a powerful 2D diagnostic with high spatial resolution and high time response. Fourier (Wavelet) transformation is used for extracting the relative temperature fluctuationT (m,n) e for MHD modes (m, n), and the spatial distribution ofT (m,n) e ( r) can give the information of the position of magnetic axis and the structure of internal magnetic surface.
The position of magnetic axis and the structure of internal magnetic surface are powerful information which can iteratively serve for EFIT reconstruction code, and makes the results reconstructed by EFIT code more reliable.
